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Abstract
Projectile binary breakup has been investigated in 58Ni + 12C, 24Mg, 197Au at 34.5 MeV/A and
58Ni+70Zn at 40 MeV/A. The fragment angular distributions exhibit an anisotropic pattern showing
that breakup is aligned with the direction of scattered quasi-projectile (QP). The correlation functions
of the two heaviest fragments have been studied as a function of charge asymmetry. They suggest
that the QP decays while still in close proximity of the target. The correlation between the charge and
velocity of the two heavy fragments shows that the binary breakup of the QP might originate from
an important deformation of the projectile by the target, and that the lighter of the colliding partners
also contributes to the aligned emission pattern.
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1. Introduction
Heavy ion collisions in the Fermi energy domain are known to be dominated by
deep inelastic scattering [1–7], a process leading to the formation of two partners in the
reaction exit channel. Their identity (charge, mass, velocity) is closely related to that of
the projectile and the target, and they are the so-called quasi-projectile (QP) and quasi-
target (QT) fragments. In that process, the initial kinetic energy is transformed into internal
excitation energy of the QP and QT, that decay subsequently by binary fission and/or
light particle evaporation at low excitations, and by multiple fragment emission when the
multifragmentation regime is reached at higher excitations [8–10]. Recently, an increasing
interest has been devoted to binary fission of fragments at the end of the deep inelastic
scattering stage [11–16], with the related studies usually addressing the question of the
statistical versus dynamical aspects of the fission process. Stefanini et al. [12] have shown
that binary fission of heavy systems (A ≈ 100) into two mass-asymmetric fragments is
influenced by nonequilibrium effects. More recently, authors of Refs. [13–15] have shown,
by means of fragment angular and charge distributions, that aligned breakup along the
direction of motion of the QP competes with standard fission in very heavy systems
(A ≈ 200). The time scale involved in projectile binary decay is another piece of important
information. In the case of the nearly mass-symmetric binary breakup of the projectile,
in 48Ti + 93Nb collisions at 19.1 MeV/A, the time scale has been investigated and found
to be fast (less than 200 fm/c), implying that the projectile decay process begins while
the QP and QT are still in close proximity [16]. A recent work done in this group and
devoted to the intermediate velocity (IV) fragment production for the reaction Ni + C
and Ni + Au [17,18] has shown that the IV origins is related to prompt nucleon–nucleon
collisions and to larger deformations of the heavy partner leading to its delayed (150–
500 fm/c) aligned asymmetric breakup. The purpose of the present work is to extend that
previous analysis and particularly to look for target proximity and dynamical effects on the
binary breakup of a light projectile 58Ni, into both mass-symmetric and mass-asymmetric
fragments, by making use of four different targets. The time scale range, which was found
previously to be rather large, may then be reduced. We will also determine whether or
not the lighter partner in the binary projectile decay contributes to the aligned emission
pattern.
The experimental equipment used in the present experiment and the event selection
procedure are described in Section 2, followed by the construction and analysis of the two-
fragment reduced velocity and azimuthal angle correlation functions in Section 3. Finally
a conclusion is given in Section 4.
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2. Experimental procedure
2.1. Experimental setup
The experiments have been performed with a 58Ni beam delivered by the TASCC
(Tandem and Super-Conducting Cyclotron accelerators) of AECL at Chalk River for 12C,
24Mg and 197Au targets, and by the Texas A&M cyclotron for the 70Zn target. The
bombarding energies were 34.5 MeV/A for the former and 40 MeV/A for the latter
experiment. Target thicknesses were, respectively, 2.4 mg/cm2, 1.6 mg/cm2, 1.0 mg/cm2
and 2.7 mg/cm2 for 12C, 24Mg, 70Zn and 197Au. Charged particles produced in the two
experiments were detected in the HÉRACLÈS 4π array constituted of 144 detectors set in
ten rings concentric to the beam axis and covering polar angles between 3.3◦ and 140◦.
The first four rings (3.3◦ to 24◦) are each made of 16 plastic phoswich detectors with
energy detection thresholds of 7.5 (27.5) MeV/A for element identification of Z = 1 (28)
particles. Between 24◦ and 46◦, two rings of 16 CsI(Tl) crystals achieve isotopic resolution
for Z = 1 and 2 ions and element identification for Z = 3 and 4 ions with energy thresholds
ranging from 2 to 5 MeV/A. The miniball, not used in the Texas experiment, forms the
last four rings (46◦ to 87◦ and 93◦ to 140◦) and is constituted of PIN diodes on CsI(Tl)
crystal detectors set in groups of 12 per ring. More information on detectors and energy
calibration is given in Refs. [17,19]. The main trigger for event recording was a multiplicity
of at least 3.
2.2. Selection of events
The present work is restricted to events selected in the off-line analysis by a total
detected charge representing at least 78% of the projectile charge. The total charge of
the two heaviest fragments emitted forward in lab (θlab  24◦), hereafter called heavy (H)
and light (L), must be greater than or equal to 14 (50% of the projectile charge) with the
condition that the light fragment is larger than lithium. In order to select only peripheral and
semi-peripheral events, the experimental impact parameter determined with the method
developed in Refs. [17,18], is taken bexp  3 fm for the 12C target and bexp  4 for the
other targets.
Fig. 1(a) displays the sum of the two heavy fragment charges in the case of the 58Ni +
12C and 58Ni + 70Zn systems. The distributions peak at 63% and 82% of the projectile
charge for the zinc and carbon target respectively, which shows that peripheral and mid-
peripheral collisions are well selected by the impact parameter method. In Fig. 1(b)–(d), the
charge yields and the charge distributions of fragments (Z  3) emitted in coincidence with
the two heavy fragments, and their multiplicity are displayed for events to be analyzed. The
fragment multiplicity distribution has a mean value of 0.17, 0.43, 0.42 and 0.41, while the
fragment charge distribution has a mean value of 3.7, 3.6, 3.6 and 3.5 for 12C, 24Mg, 70Zn
and 197Au targets, respectively. This shows that the selected data contain little multiple
projectile breakup (or multifragmentation) events; the only additional fragments produced
in the binary projectile decay are very light ones.
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Fig. 1. Distributions of: (a) the sum of the two heavy fragment charges, (b) charge yields, (c) the charge and (d) the
multiplicity of fragments in coincidence with the two heaviest fragments in the collision 58Ni + 70Zn (dashed
line) and 58Ni + 12C (full line). Arrow in (a) indicates the minimum total charge of the two heavy fragments
considered for analysis.
2.3. Reconstruction of quasi-projectile source
To reconstruct the QP source, the events were sorted into several bins as a function of
bexp. For each event, the two heavy fragments are used as the main QP fragments. All
particles and fragments of each event were considered as originating from the QP source if
they are emitted forward in the center of mass frame of the two QP fragments. To determine
the origin of the backward emitted particles in the QP reference frame, the assumption
of symmetric emission has been made. They were attributed to the QP according to the
probability deduced from the forward velocity distribution in the center of mass frame of
the two QP fragments [17,19].
Fig. 2 shows the velocity spectra, in the QP reference frame, for Z = 2 particles and
Z > 2 fragments for the 58Ni + 12C system. The velocity of the particle is positive if
the particle is emitted in the forward hemisphere, and negative if emitted backward. The
shaded area shows the contribution associated to the QP source.
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Fig. 2. Velocity spectra, in the QP reference frame, of particles and fragments for the mid-central (left panel) and
peripheral (right panel) 58Ni + 12C collisions.
3. Correlation between the two heavy fragments
3.1. Asymmetry of charge distributions
We are interested, in the present study, in events where the projectile breaks up into two
heavy fragments accompanied by light particle emission, a process to which we will also
be referring as fission-like decay, by analogy to the fission of heavy nuclei. An observable
often used to sort events in such a binary or fission-like decay is the charge asymmetry η
defined as η = (ZH − ZL)/(ZH + ZL), with ZH and ZL being the charges of the heavy and
light fragment, respectively. The values of η range from zero for a symmetric disintegration
to almost unity for the very asymmetric case. Fig. 3 displays the charge asymmetry
distributions for 58Ni + 12C, 58Ni + 70Zn and 58Ni + 197Au systems. On the contrary
to what is observed for standard fission [20], the distribution shows a predominance of
asymmetric breakups. For the heavier targets, the charge asymmetry distributions shift to
smaller asymmetries.
3.2. Angular distributions
To investigate more quantitatively the breakup of the QP, the angular distributions of
the fragments are studied. We define the breakup axis by the relative velocity between the
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Fig. 3. The charge asymmetry distributions of the two heavy fragments. The full line refers to the gold target, the
dashed line to the zinc target and the dotted line to the carbon one.
heavy and light fragment ( VH − VL), oriented from the light to the heavy fragment. The
reaction plane is defined by the beam axis and the QP direction. We indicate by θProx the
angle between the breakup axis and the QP direction. A schematic diagram representing
this geometry is given in Ref. [13]. If cos(θProx) = +1 (cos(θProx) = −1), the breakup axis
is aligned with the QP direction and the heaviest fragment (the light fragment) is the fastest.
It is known that the emission pattern of fission fragments from the decay of an
equilibrated nucleus should present axial symmetry around an axis perpendicular to the
reaction plane and hence the angular distribution in the reaction plane must be isotropic.
Also, due to angular momentum effects, the cos(θProx) distributions would be slightly
peaked at ±1, but would remain symmetric around zero [12]. In fact, this picture is verified
with the SMM code, in its version which takes into account the angular momentum effects
[21]. Fig. 4 shows simulated angular distribution for two bins of η, and two values of the
angular momentum of the QP, in the case where Ni projectile breaks up at excitation energy
of 3.5 MeV/A. The distributions are symmetric around zero. Due to detection effects, such
as a detection of both fragments in the same detector, a depletion at cos(θProx) = ±1 is
observed in the filtered events.
Contrary to what is expected in the case of statistical QP decay, the experimental
cos(θProx) distributions, displayed in Fig. 5 for all systems, are found to be strongly
dependent on the charge asymmetry η. The distributions for a symmetrical breakup
(η < 0.2) are nearly symmetric around zero. When the charge asymmetry increases, the
distribution of cos(θProx) loses its symmetry and becomes more peaked at 1, implying
that the breakup axis is preferentially aligned with the direction of the scattered QP and
that the heavy fragment is faster than the light one. This anisotropic pattern clearly shows
the persistence of some memory of the entrance channel (the direction of the scattered
QP). This forward peaked angular distribution, in the case of binary breakup, has been
previously observed in heavier systems [11–15].
Here we should point to one effect shown by the distributions for gold target. The
cos(θProx) distribution is pronounced around zero for symmetrical breakup (η < 0.2),
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Fig. 4. Simulated angular distributions of the two heavy fragments in the case of the breakup of 58Ni projectile at
40 MeV/A at the excitation energy of 3.5 MeV/A with angular momentum l = 0h¯ (left panel) and l = 30h¯ (right
panel) for two bins of the charge asymmetry parameter η.
and the width of the bump developed around 1 becomes larger for 0.2  η < 0.6. That
difference could be due to an effect of the Coulomb field of the target; the fragments
directions are more affected by the target Coulomb field in the case of Au target than
in the case of other lighter targets. Also the detection effects contribute to a depletion at
+1 and −1 in the angular distributions. This same effect has been observed in Ref. [15], in
the case where two fragments (Mimf = 2) are produced in the collision Ta + Au at 33 and
39.6 MeV/A.
3.3. Two-fragment correlation functions
The two fragments form an important fraction of the QP and carry, on average, a large
momentum. Their evolution is governed by their mutual Coulomb interaction and also
by the influence of any close massive fragment during the decay. For two fragments
in coincidence, quantum statistics effects are expected to be negligible and their mutual
interaction, as well as their interaction with neighboring fragments, governs the structure
of the correlation functions [22,23]. The heavy–light fragment correlation functions are
constructed below, either with the relative azimuthal angle, φ between the two fragments
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Fig. 5. Experimental angular distributions of the two heavy fragments in the collisions 58Ni + 12C, 24Mg, 70Zn
and 197Au for four bins of the charge asymmetry parameter η.
or with their reduced relative velocity, Vred = | VH − VL|/√ZH + ZL. In this latter case, the
correlation function is defined as
1 + R(Vred) = Ncorr(Vred)
Nuncorr(Vred)
, (1)
where Ncorr(Vred) is the coincident fragment pair yield, and Nuncorr(Vred) is the background
yield for fragment pairs selected from mixed events. Mixed events were obtained by
randomly selecting each member of a fragment pair from different events within the
same event class. Due to the fact that two-fragment correlation functions are sensitive to
energy–momentum conservation, R(Vred) may not converge asymptotically to zero and
no normalization exists a priori [22,23]. Moreover, the technique of event rotation [17,24]
is also applied in the present work to construct the correlation functions. That technique
involves a rotation of the second event of a background pair in the plan perpendicular to
the beam, so that the azimuthal angles of the two event reaction plans coincide in space.
Information on the shape of the phase-space distribution of fragments may be gained by
employing directional cuts on the correlation functions. It has been observed that the shape
of longitudinal and transverse correlation functions can be strongly affected by the strength
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Fig. 6. The coincidence yield as a function of azimuthal two fragment distributions at different charge
asymmetries for all systems. Solid circles, open diamonds and stars represent the results for 0  η < 0.2,
0.2 η < 0.4 and 0.4 η < 0.6, respectively.
of the final-state Coulomb interaction of the IMF pair in coincidence with the residual
system [25,26]. The directional correlation functions are constructed by employing cuts on
the angle ψ = arccos( | Vred· Ptot|
VredPtot
) between the reduced velocity and the total momentum
Ptot = pH + pL of the two heavy fragments. Longitudinal and transverse correlation
functions are calculated by taking 0◦ ψlong  35◦ and 75◦ ψtrans  90◦, respectively.
3.3.1. Two-fragment azimuthal angle correlation functions
The experimental distributions of relative azimuthals angle φ between the two heavy
fragments are shown in Fig. 6. These distributions are obtained for events where the two
fragments are detected in the same ring. The figure shows that, as the size of the target
increases, the distributions of φ for longitudinal events become enhanced at low φ.
Fig. 7 presents the longitudinal and transverse relative azimuthal angle correlation
functions. In the longitudinal case, the top and middle panels correspond to the plain and
rotation decorrelation techniques, respectively. The corresponding correlation functions
show differences between the carbon and heavier targets. In the first case, the carbon target
results show a stronger enhancement at high φ. For the Au target, the low φ region
exhibits a small relative increase. For the second decorrelation technique, the general trend
is the same for all targets, except for a slope change, mainly at small asymmetry (solid
circles). The slope is steeper for the carbon target than for the other targets. The transverse
correlation functions are found to be insensitive to the decorrelation technique and are
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Fig. 7. Longitudinal and transverse two-fragment azimuthal angle correlation functions at different charge
asymmetries for all systems. Symbols are the same as in Fig. 6. Top and bottom panels: without event rotation
before mixing. Middle panel: with rotation before event mixing.
shown only in the case not taking account of the event rotation (bottom part of Fig. 7).
They exhibit an enhancement at high φ due to the fact that the two heavy fragments are
selected with a large opening angle.
A similar behavior, mainly as the one seen for the carbon target, has been reported
previously in Ref. [27] in the case of two-fission fragment and heavy fragment-IMF
correlations in 18O induced reactions on Ag and Au at E = 84 MeV/A, and in Ref. [28] for
PLF–IMF and IMF–IMF correlations. Another extensive study, based on simulations with
the RIBUST code for the instantaneous multifragmentation of a system without angular
momentum, has been done for 6Li–6Li azimuthal angle functions [29]. A difference is
predicted whether the 6Li nuclei are produced in the vicinity of a light or heavy residue.
These authors have observed a large enhancement at low φ in the case where the two
lithium are produced with a heavy residue, interpreted as a focusing of the two Li fragments
in the mutual three body Coulomb field of the three fragments. Azimuthal correlations have
also been used to establish the potential effect of centrality [30] and angular momentum.
The behavior of the correlation functions with increasing target size, in the middle panel of
Fig. 7, does not show large differences, which would tend to argue that angular momentum,
if any, is relatively constant for all targets for the selected events.
In the present case, the increase at low φ observed in the longitudinal angular
distributions (Fig. 6) as the target becomes heavier, could also be a direct consequence of
the reaction kinematics and the limited acceptance of the HÉRACLÈS array at very small
angles. For the Ni + C case, the QP velocity is close to the CM velocity and the average
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deflection angle is small compared to the beam direction. Therefore, the two fragments
have to be mainly at 180 degrees from each other. As the target size increases, the QP
velocity is farther from the CM velocity and the deflection angle becomes larger. Smaller
φ values become available with a greater probability. Thus, great care must be taken
in removing such kinematic phenomena from the correlation functions. This is possible
for Vred using the rotation method of [24] and already applied for a similar reaction in
Ref. [17].
3.3.2. Two-fragment reduced velocity correlation functions
Fig. 8 shows longitudinal and transverse correlation functions for all systems at different
increasing charge asymmetries, in the case where it is not taken account of the rotation
before event mixing. For the 58Ni + 12C system, these correlation functions exhibit yield
suppressions (Coulomb hole) at low Vred for the two selected classes and all charge
asymmetries. For longitudinal cuts in the 58Ni + 24Mg, 70Zn and 197Au systems, the
Coulomb hole is narrow and a large Coulomb peak is found at low Vred. In this case, the
enhancement at low Vred increases as the target size increases and the correlation function
becomes lower than unity at large Vred. For transverse events, no enhanced Coulomb peak
was observed at low Vred; the two fragments are emitted with high reduced velocities. The
correlation functions constructed with the event rotation decorrelation technique are given
in Fig. 9. They are similar to those presented in Fig. 8. The enhancement at low Vred is
reduced but it is still observed.
Fig. 8. Longitudinal and transverse two-fragment reduced velocity correlation functions at different charge
asymmetries for all systems, without rotation before event mixing. Symbols are the same as in Fig. 6.
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Fig. 9. Longitudinal and transverse two-fragment reduced velocity correlation functions at different charge
asymmetries for all systems, with rotation before event mixing. Symbols are the same as in Fig. 6.
The main feature observed from these correlation functions, in the case of the heavy
target, is a pronounced enhancement at Vred  0.01–0.02. This structure for longitudinal
correlation functions can be understood if one takes into account the QT Coulomb
interaction on the QP fragments. The resulting relative motion of the two fragments will
be governed by their mutual repulsion and by the interaction with the QT which would
boost them into the same direction. In this scenario, the fragments are emitted with small
relative velocities. Consequently, the correlation functions become higher at small relative
velocities and lower at large ones [22]. These target effects are seen in longitudinal cuts,
since in this case, we preferentially select the two heavy fragments with a small opening
angle (small Vred), but not in transverse cuts, where the two heavy fragments are selected
with a large opening angle (large Vred).
Similar results have been found in the QMD + SMM model of Refs. [31,32]. Their
results show a pronounced peak only if an additional constraint of an observed large
remnant fragment is imposed. From IMF–IMF correlation functions for 197Au decay at
excitation energies from 3.1 to 12.7 MeV/A, in multifragmentation models [22,23], an
enhanced Coulomb peak is seen at low excitation energies. The pronounced Coulomb peak
is caused by the presence of a very large fragment, besides IMFs, in multifragmentation
events [22]. It disappears within the region of multifragmentation when the largest
fragment is also an IMF.
These present correlation functions suggest that the QP decay process is short enough so
that the decay takes place before the QP and QT are fully separated. This is consistent with
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some previous results [16] on the decay of a comparable mass projectile (48Ti), where the
authors have shown that the decay of the projectile takes place while the QP is still under
the influence of the target Coulomb field. These authors have also reported a time interval
of 200 fm/c for projectile binary decay at low charge asymmetries. Since the present results
are independent on charge asymmetries η, the same time scale can be estimated for the QP
binary breakup into both charge-symmetric and charge-asymmetric fragments.
3.4. Correlation between the charge and velocity of the two heavy fragments
Fig. 10 shows bi-dimensional plots of parallel velocity as a function of the charge of
the two heaviest fragments for all systems. For 58Ni + 12C and 24Mg systems, we observe
clearly two contributions. The first one corresponds to high charges and velocities close
to the velocity of the projectile, while the second contribution is characterized by low
charges at mid-rapidity. For 58Ni + 70Zn and 197Au systems, these two contributions
are not completely separated, but high (low) charges still correspond to high (low)
velocities. These observations suggest that the heavy fragment could be the remainder
of the projectile, and the light one could originate from the overlapping zone between the
projectile and target. Also, as the size of target increases, the average charge of the heavy
Fig. 10. Charge of the two biggest fragments observed as a function of the parallel velocity in the center of mass
frame. The arrows correspond to the projectile and target velocities. Parallel velocity is defined with respect to
the QP direction.
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fragment decreases, explaining the shift to smaller asymmetries observed for heavy targets
in the charge asymmetry distributions of Fig. 3.
All these observations suggest that an aligned binary breakup may originate from an
important deformation of the projectile by the target, and the formation of an elongated
dinuclear system (overlapping zone attached to QP remnant). This effect leads directly to
its binary decay without passing through an equilibrated compound state (the fusion of the
overlapping zone with the QP remnant). The binary decay of the QP along its scattered
direction, the charge asymmetry, and the short time needed by the QP to decay near the
QT then arise as a natural consequence. These findings suggest that not only the heavier
partner of the collision, observed in previous studies [17,18], that contributes to a process
of aligned asymmetric breakup, but also the lighter one. Also, since this process occurs
under the influence of target Coulomb field, the time scale previously limited between
150–500 fm/c, may be estimated closer to the lower limit of this time range.
4. Conclusions, discussion
In this work, correlations between the two heaviest fragments resulting from 34.5 and
40 MeV/A 58Ni projectiles interacting with 12C, 24Mg, 70Zn and 197Au have been studied.
The charge asymmetry distributions show that the QP breakup is mainly asymmetric,
incompatible with the result of standard fission of heavy nuclei. If there is no coupling
between the formation of the QP and its subsequent decay, one expects that the decay
of the QP is isotropic. The fragment angular distributions exhibit an anisotropic pattern
showing that the breakup is aligned with the scattered direction of the QP, and the heaviest
fragment is the fastest. In that case, some differences are observed in the experimental
angular distributions of the Au target with respect to lighter ones. Correlation functions
are constructed with the relative reduced velocity and the relative azimuthal angle between
fragments as variables, using two decorrelation techniques, a plain event-mixing technique
and another one consisting in the rotation of the decorrelating events into a unique reaction
plane. The longitudinal correlation functions for 58Ni + 24Mg, 70Zn and 197Au systems
show a pronounced enhancement at low Vred, which increases with the target size. For the
carbon target, no enhanced Coulomb peak was found at low Vred. Enhancement at low
Vred can be understood as a focusing of the two heavy fragments in the QT Coulomb field.
This suggests that the time interval between the reseparation of projectile and target and
the binary decay of the QP is short enough to have noticeable mutual Coulomb interaction
between the two QP fragments and the QT.
The correlation between the charge and velocity of the two heavy fragments suggests
that the heavy fragment could be the QP remnant and the lighter one could originate
from the overlapping zone between the projectile and the target. These observations are
compatible with the formation of an elongated dinuclear system (overlapping zone attached
to QP remnant) followed by its binary breakup without passing through an equilibrated
state; the deformation is important enough not to allow the fusion of the overlapping zone
with the QP remnant. In a previous analysis of the reaction Ni + C and Ni + Au [17,18],
two scenarii for the production mechanisms of the intermediate velocity particles were
suggested. The first one is related to prompt nucleon–nucleon collisions during the first
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stage of the reaction. The second one is related to larger deformations of the heavy partner
occurring between 150 and 500 fm/c. Molecular dynamics simulations performed in that
work revealed also the existence of fast aligned fission occurring in a short time scale
(150 fm/c). In the present study, the aligned asymmetric breakup occurring in a close
proximity of the target and thus on a short time scale supports those predictions. The
present study also suggests that not only the heavier partner of the collision contributes
to a process of aligned asymmetric breakup, but also the lighter one.
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